Introduction
============

Dendritic polymers are highly branched polymers with three-dimensional architectures, which consist of at least six subclasses: (a) dendrimers; (b) hyperbranched polymers; (c) multi-arm star polymers; (d) dendronized or dendrigrafts polymers; (e) hypergrafts or hypergrafted polymers; (f) dendritic-linear block polymers (Fig. [1](#F1){ref-type="fig"}) [@B1]. The history of dendritic polymers can be dated back to the end of 19^th^ century, when Berzelius fabricated a hyperbranched resin by tartaric acid and glycerol [@B1]. Subsequently, Flory developed the concept of degree of branching (DB). One of the typical dendritic polymers, hyperbranched polymer, was first coined by Kim and Webster [@B1]; while the other representative, dendrimer, was successfully synthesized and characterized through both divergent and convergent approaches in 1980s [@B2],[@B3]. Since then, numerous research works focus on synthesizing different kinds of dendritic polymers and exploring their applications in diverse areas to promote significant progress in this field.

The pervasive applications of dendritic polymers can be attributed to their unique chemical/physical properties derived from their three-dimensional dendritic architecture. Compared with linear polymers, dendritic polymers possess a large number of terminal functional groups, low solution or melt viscosity, and good solubility [@B4]. The size, DB and functionality of dendritic polymers can be facilely adjusted and controlled through the synthetic procedures, which could satisfy the diverse requirements of applications. Moreover, amphiphilic dendritic polymers can self-assemble into various delicate supramolecular structures with different morphologies and functions. As two major subclasses of dendritic polymers, dendrimers are perfectly branched and monodisperse, while hyperbranched polymers have a unique advantage of facile one-pot fabrication. Considering their tunable properties and excellent performance, dendritic polymers are promising candidates for various kinds of applications in biological and biomedical fields.

Up to now, some excellent reviews have been published on the bioapplications of dendritic polymers, including drug delivery, gene transfection, protein delivery, bioimaging, biomineralization, tissue engineering, etc. [@B5]. Dendritic polymers are one of the most important research topics nowadays in material science, and are of great significant in biomedical science. Especially, the applications of dendritic polymers in theranostics arouse the great interest of researchers in recent years. Dendritic polymers have exhibited attractive properties including favorable physicochemical properties, excellent biodegradability and biocompatibility, versatile functionalization and smart responsiveness. These advantages pave the way for the diagnosis and treatment of disease. In the past few years, a rapidly increasing number of research works related to the theranostic applications have been reported. Till now, the applications of dendrimers for theranostics have been summarized. However, a systematic review of all kinds of dendritic polymers for theranostic application has not yet been published.

This review summarizes how to control the structures of dendritic polymers, the theranostics-related properties derived from their structures and various theranostic applications. We outline these exciting achievements of dendritic polymers for various kinds of theranostic applications, and hope to inspire continued endeavors in this promising research area.

Synthesis and Structure of Dendritic Polymers
---------------------------------------------

Over the past decades, dendritic polymers, including dendrimers and hyperbranched polymers, have received much attention [@B1],[@B6]. The ways to prepare dendritic polymers are summarized below. For dendrimers, two complementary general routes, the divergent and the convergent, have been widely used in recent years [@B2]. The divergent approach was first proposed by Tomalia and coworkers, which means initiating growth at the core of the dendrimer and continuing outward by repetition of coupling and activation steps [@B2]. In contrast, the convergent growth approach, raised by Hawker and Fréchet, refers to starting from the periphery of the polymer and progressing inward [@B3]. For hyperbranched polymers, they can be prepared by means of single-monomer methodology (SMM) and double-monomer methodology (DMM) [@B1]. By utilizing these synthetic approaches, we can adjust and control the size, DB and functionality of dendritic polymers.

Size
----

Size is an important parameter for theranostic applications of dendritic polymers. Dendritic polymers with well-defined structure (eg. dendrimers) can meet specific requirement for theranostics. The size of dendrimers is determined by the number of generations. Table [1](#T1){ref-type="table"} presents the hydrodynamic diameter of polyamidoamine (PAMAM) dendrimers from core to generation G = 7, which shows the linear increase in diameter and exponential growth of the number of surface groups with the increase of the generation [@B7],[@B8]. The precisely controlled size of dendrimers through adjusting the number of generations makes them promising materials for researches focusing on the size influence of biomaterials. Besides, due to their defined structure, dendrimers are compatible for reproducible manufacture to meet the batch-to-batch requirements for clinical application of theranostics. While for the dendritic polymers with ill-defined structure (eg. hyperbranched polymers), the size is closely related to their molecular weights. For example, the higher molecular weight is, the larger hydrodynamic volume is for a certain hyperbranched polymer. More importantly, the structure of hyperbranched polymers can be further adjusted via their synthetic procedures. Different from the precisely controlled size of dendrimers, the size of hyperbranched polymers can just be roughly regulated.

Degree of branching (DB)
------------------------

The branching structure of polymers can be described by an important parameter DB. According to the definition of DB, the DB values of linear polymers and dendrimers are 0 and 1, respectively. For hyperbranched polymers, the DB value is between 0 and 1 (normally, 0.4-0.6), which depends on the synthesis routes and can be controlled via different synthesis strategies in a predetermined synthesis route. For polycondensation of AB~x~ monomers in one pot, when X = 2, the maximum DB value is 0.5 at full conversion of A groups. When X = 3, DB value approaches 0.44 at the same conversion [@B9]. DB grows linearly or nearly linearly with conversion of A groups. Besides, polymerization of dendrons having prefabricated dendritic unites can increase DB values. The increase in DB is mainly attributed to the decrease of linear units having one unreacted B group. DB value can also be enhanced via two strategies: polymerization of AB~x~ monomers in the presence of core molecules (B~f~) and enhancement of the reactivity of linear units formed during the polymerization [@B9]. The calculated DB value of the self-condensing vinyl polymerization is 0.465. The DB value can be improved by slowly adding monomers [@B10]. For the couple-monomer methodology, the DB value of A~2~ + CB~n~ approach can be calculated with Eq. (1)

DB = (D + T)/(D + T + L) ≈ 1/(1 + L/2T)

The calculated value ranges between 0.42 and 0.56. If the hyperbranched polymers are made from A~2~, B~2~ and BB′~2~ approach, the DB values can be adjusted at least from 0.5 to 0 by the feed ratio of the monomers (B~2~ to BB′~2~) [@B1],[@B11].

Functionality
-------------

Different from traditional linear polymers, dendritic polymers have a large population of terminal functional groups. The number and species of functionalities can be controlled through the reaction process, mole ratio of reactants and post-modification of dendritic polymers. The number of functionalities corresponds to the generation of dendrimers and molecular weight of hyperbranched polymers. For dendrimers, the number of surface group grows exponentially due to their well-defined structure. Besides, different reaction processes relate to different functionalities of hyperbranched polymers. For AA\* + B~n~ approach, hyperbranched polyester with the carboxylic acid-terminated groups or ester-terminated group can be prepared even the original reactants are the same [@B1]. For AA′ + B′B~2~ and AB + C~n~ approach, the terminal functional groups can be adjusted by the feed ratio of monomers. When the feed ratio of AA′ to B′B~2~ is lower than 1/1, in the range of 1/1 and 2/1 or greater than 2/1, products with B groups, both A and B functional groups or A groups can be fabricated, respectively. Yan and coworkers prepared hyperbranched poly(sulfone-amine)s by using different feed ratio of divinyl sulfone (DV) to 1-(2-aminoethyl)piperazine (AP). When the feed ratio of DV to AP was 1/1, the hyperbranched poly(sulfone-amine)s with amino groups were fabricated. When the feed ratio of DV to AP was set at 3/2, the hyperbranched polymers contained both amino and vinyl groups [@B12]. Moreover, the functionalities of dendritic polymers can also be modified through post-modification, such as end-capping and terminal grafting. In the end-capping process, dendritic polymers can be conveniently modified with small organic molecules. Gao and coworkers prepared water-soluble inverse-vulcanized hyperbranched polymers through end-capping by sequential click chemistry of thiol-ene and Menschutkin quaternization reactions [@B13]. Huang and coworkers synthesized hyperbranched PAMAM end-capped by 1-adamantylamine with thermo-/pH-responsive properties [@B14]. Core-shell multi-arm star polymers or hyperstars with tailored properties, such as polarity and solubility, can be prepared through terminal grafting modification. Zhu and coworkers prepared star-conjugated copolymers with a dendritic conjugated core and many linear poly(ethylene glycol) (PEG) arms for real-time monitoring of anticancer drug release [@B15].

Properties of Dendritic Polymers
--------------------------------

The size, DB and functionality of dendritic polymers can be precisely adjusted through the synthetic procedures. These tunable structures correspond to some application-related properties, such as biodegradability, biocompatibility, stimuli-responsiveness and self-assembly ability, which are the key points for theranostic applications.

Biodegradability and biocompatibility
-------------------------------------

Biodegradability and biocompatibility are of great significance for the bioapplications of dendritic polymers. Especially, in the *in vivo* applications, biocompatibility is essential during the blood circulation and biodegradability is crucial after they accomplish their mission to avoid serious side effects. So far, many biocompatible dendritic polymers, such as dendritic DNA, dendritic polypeptide, dendritic polyglycerol, dendritic polyphosphate, dendritic polyamide, dendritic polysaccharide, etc. have been constructed by using biocompatible monomers (Fig. [2](#F2){ref-type="fig"}). Till now, traditional dendritic polymers with biocompatibility have been successfully synthesized. For example, Yan and coworkers prepared hyperbranched polyphosphates, hyperbranched copolyphosphates and functional hyperbranched polyphosphates as drug delivery platforms for cancer therapy [@B16]-[@B20]. In addition, with the development of biotechnology, more and more molecules derived from organisms, such as DNA and polypeptide, have been used as building units to fabricate superiorly biocompatible dendritic materials. DNA dendrimer prepared by Yang and coworkers shows excellent biocompatibility [@B21]. Dong and Chang developed a hyperbranched polypeptide-based drug delivery system presenting an α-helix conformation [@B22]. With the rapid development of chemistry and biology, more and more biodegradable and biocompatible dendritic polymers will be prepared for bioapplications.

Stimuli-responsiveness
----------------------

Biomaterials with on-demand responsive properties to release cargoes will lead to significant enhancement of *in vitro* and *in vivo* therapeutic efficacy, especially in cancer therapy. For the special tumor microenvironment *in vivo*, various stimuli are used to stimulate the responsive behaviors, which include extracellular pH, the concentration of glutathione (GSH), oxidative stress, enzyme overexpression, etc. (Fig. [3](#F3){ref-type="fig"}). Moreover, external stimuli can also be utilized to achieve responsive properties, such as light, magnetic field, electrical field, temperature, ultrasound, etc.. Dendritic polymers can be prepared with stimuli-responsive ability through elaborate design or post-modification. These stimuli-responsive dendritic polymers encapsulated with anticancer drugs will respond to corresponding stimuli rapidly and thus release the drugs with enhanced therapeutic efficacy and weak side effect. Till now, numerous stimuli-responsive dendritic polymers have been designed and synthesized (Table [2](#T2){ref-type="table"}). In tumor site, pH-responsive, reduction-responsive, oxidation-responsive and enzyme-responsive dendritic polymers can respond to lower pH (extracellular pH: \~ 6.8), higher concentration of GSH (in the cytosol: \~10 mM), enhanced intrinsic oxidative stress, and elevated enzyme expression of tumor tissue, respectively. Zhu and coworkers described a drug carrier, PEGylated hyperbranched polyacylhydrazone through a pH-responsive acylhydrazone linkage, which could self-assemble into nanoscale micelles as anticancer drug carriers with pH-controlled drug release [@B26]. Besides, Yan and coworker synthesized a novel kind of amphiphilic hyperbranched multiarm copolyphosphates with disulfide bonds in the backbone, which was used to construct a nanosized redox-responsive drug delivery system [@B20]. Degradation of biomaterials can be triggered by enzymes, which is also very interesting. Shabat and coworkers came up with novel self-immolative dendritic prodrugs by catalytic antibody 38C2 [@B27]. Furthermore, delicate design will endow dendritic polymers with external stimuli-responsive ability. Almost all kinds of light including ultraviolet light (UV), visible light and near-infrared light can be used to construct stimuli-responsive dendritic polymers. Even temperature changes will lead to responsive behaviors of dendritic polymers. But few works focus on magnetic field, electrical field or ultrasound responsive dendritic polymers. Moreover, in contrast to the abovementioned single stimuli-responsive dendritic polymers, multi-stimuli responsive ones can simultaneously respond to multiple external stimuli corresponding to the complicated physiological environment *in vivo*, thereby exhibiting great potential in clinical theranostics.

Self-assembly
-------------

Similar to the self-assembly of amphiphilic linear copolymers, dendritic polymers can also self-assemble into various morphologies with different size scales including nanoscale, microscale and even macroscale (Fig. [4](#F4){ref-type="fig"}). Since Zimmerman and coworkers\' pioneering research on self-assembly of dendrimers through hydrogen bond [@B48], the self-assembly of dendrimers has experienced a rapid development in the past few decades. In 2004, Yan and coworkers observed the macroscopic self-assembly of amphiphilic hyperbranched polymers in acetone for the first time, in spite of their irregular structures [@B49]. From then on, numerous works focusing on self-assembly of hyperbranched polymers through various interactions such as host-guest interaction, hydrogen bonding interaction or electrostatic adsorption have been reported. The topological structures of assemblies can be controlled through the self-assembling process.

These controllable topological structures consist of micelles [@B50]-[@B52], vesicles [@B53]-[@B57], nanofibers [@B52], nanometer/micrometer-sized tubes [@B58],[@B59], giant vesicles [@B60],[@B61], ribbons [@B62],[@B63], films [@B64],[@B65], macroscopic tubes [@B49], gels [@B66], etc.. For instance, the hyperbranched poly\[3-ethyl-3-(hydroxymethyl)oxetane\]-*star*-poly(propylene oxide) (PEHO-*star*-PPO) prepared by Yan and coworkers can aggregate into large regular spherical micelles with controlled size via the alteration of the molar ratios of PPO arms to PEHO core [@B50]. Dendritic polymers can also self-assemble into vesicles with narrow size distribution. As reported by Zhou and coworkers, unilamellar bilayer vesicles were obtained through a Janus hyperbranched polymer constructed by the host-guest interactions between a hydrophobic hyperbranched poly(3-ethyl-3-oxetanemethanol) with an apex of an azobenzene (AZO) group and a hydrophilic hyperbranched polyglycerol with an apex of a β-cyclodextrin (CD) group [@B56]. The unimolecular micelles could further self-assemble into thread-like nanofibers [@B52]. Moreover, the size of giant polymer vesicles can be easily controlled by adjusting the hydrophilic fraction of the copolymer [@B60]. In addition, supramolecular architectures, such as micrometer-sized tubes and ribbon can be obtained through rational molecular design. Molecular design is a crucial parameter for ionic bent-core dendrimers to control the morphology of the aggregation [@B62]. Beyond these microscopic topological structures, macroscopic tube and gel were made by using different dendritic polymers [@B49],[@B66].

Theranostic applications
------------------------

As mentioned above, by controlling their structure and functional groups, dendritic polymers have exhibited specific properties and versatile functions, such as stimuli-responsive ability and self-assembly behavior, which makes them excellent candidates for theranostic applications. In this section, we present the advanced progress of dendritic polymers for theranostics, including chemotherapy, biotherapy, phototherapy, radiotherapy, and combined therapy. These theranostic systems usually refer to various modes of imaging, for example, magnetic resonance imaging (MRI), computed tomography (CT), nuclear imaging and fluorescence imaging.

### Chemotherapy

At present, drug delivery systems based on dendritic polymers have been widely reported for theranostics, which could improve therapeutic efficacy and reduce side effects of the parent drug [@B67]. Rational design of dendritic polymer-based delivery systems can meet the criteria of theranostics. Firstly, dendritic polymers have a large amount of cavities and surface functional groups which are suitable for loading or conjugating drugs, targeting ligands and imaging agents to construct theranostic platforms. Secondly, appropriate surface modifications of dendritic polymers facilitate the development of stealth nano-delivery systems with minimal non-specific interaction between cells or blood-proteins, which could improve pharmacokinetic properties. Thirdly, structural control over the shape and size of dendritic polymers can enhance the bioavailability of drugs. For example, nano-delivery theranostic systems (20-200 nm) could passively target solid tumors via the enhanced permeability and retention (EPR) effect. Finally, by controlling the dendritic polymer/drug interaction (such as association, complexation and encapsulation), various stimuli-responsive systems can be achieved. In order to monitor the drug delivery process and evaluate the therapeutic efficacy, theranostic platforms based on various modes of imaging have been developed in recent years. Dendritic polymers have exhibited unique advantages in the theranostic applications because of their highly branched architectures, numerous terminal functional groups, adequate spatial cavities and versatile functionalization, which could combine imaging and therapeutic function together. To date, numerous researches have been reported, focusing on dendritic polymer-based theranostic systems with combined chemotherapy with various imaging modalities such as MRI, CT, nuclear imaging and fluorescence imaging.

Due to its high spatial resolution and deep tissue penetration, MRI is one of the most powerful imaging techniques for theranostics [@B68]. In addition, the overriding shortcoming for MRI, relatively low sensitivity, can be overcome by introducing MRI contrast agents (CAs) [@B69],[@B70], such as *T*~1~-weighted CAs (gadolinium complex [@B71]-[@B73], manganese complex [@B74], etc.) or *T*~2~-weighted CAs (iron oxide particles [@B75], etc.). Nevertheless, most small molecular weight CAs suffer from low contrast enhancement, non-specificity, and fast renal excretion, which severely limits the application of these materials for molecular MRI. One important approach to increase the contrast and prolong blood circulation is to attach MRI CAs into a certain polymer scaffold. As an important subclass of polymers, dendritic polymers are optimal materials to provide large numbers of surface functional groups to attach MRI CAs. Therefore, dendritic polymer-based delivery system is suitable for the development of integrated platform loading MRI CAs and drugs with combined imaging and therapeutic function to monitor the drug delivery process. For instance, Liu and coworkers fabricated hyperbranched polymeric micelles for cancer targeted drug delivery and MR imaging [@B76]. Derived from the hyperbranched core, amphiphilic multi-arm star block copolymer was obtained, in which the anticancer drugs were encapsulated in the hydrophobic layer and hydrophilic MRI CA was conjugated in the outer corona. This unimolecular micelle theranostic system synergistically integrated cancer drug delivery with MRI function.

Besides, rational design of dendritic polymeric delivery system can improve the sensitivity of CAs, resulting in prominent changes in MRI signal when responding to the external pathological milieu. These responsive theranostic systems are widely reported for monitoring both drug release and therapeutic feedback. For example, Liu and coworkers constructed self-reporting theranostic system based on MRI, which exhibited excellent cell-penetrating ability, tumor milieu-actuated drug release property and responsive turn-on of MRI signal (Fig. [5](#F5){ref-type="fig"}) [@B77]. This system was composed of hyperbranched hydrophobic cores carrying anticancer drug camptothecin (CPT) and MRI CA (gadolinium complex), along with hydrophilic coronas modified with guanidine residues. Guanidine-functionalized surface contributed to prolonged blood circulation time and enhanced tumor cell penetration efficiency. After internalization, the reductive milieu in cancer cell accelerated the drug release and induced a turn-on MRI signal. The dendritic polymeric delivery platform provides a framework to achieve synergistic imaging/chemotherapy and enhanced tumor uptake.

CT is another widely used anatomical imaging modality with excellent tissue penetration and high spatial resolution [@B78]. However, considering the imaging principle of measuring the X-ray beam attenuation through the body, CT obtains poor soft-tissue contrast and hence CAs are necessary to complete the mission of theranostics, such as measuring therapy response and monitoring therapeutic process [@B79]. CT CAs must have high atomic number, including iodinated compounds [@B80], barium complex [@B81], gold nanoparticles (Au NPs) [@B82], and so on. Through encapsulation or conjugation, dendritic polymers are promising delivery vehicles for carrying CT CAs along with drugs. Shi and coworkers reported a dendrimer-entrapped Au NPs conjugated with anticancer drug α-tocopheryl succinate (α-TOS) as a multifunctional platform for targeted cancer CT imaging and therapy [@B83]. The α-TOS and targeting ligand folic acid (FA) were covalently linked to the amine-terminated dendrimer, which was afterward used as templates to synthesize and encapsulate Au NPs. This system displayed effective targeted CT imaging as well as specific therapy effect *in vitro* and *in vivo*.

Nuclear imaging techniques, such as single-photon emission computed tomography (SPECT) and positron emission tomography (PET), are powerful tools to quantify the distribution of radioactive compounds in the whole body with high penetration depth [@B84]. As mostly performed molecular imaging, SPECT detects gamma rays during radioisotope compound (^99m^Tc, ^111^In,^123^I, ^177^Lu etc.) decay process, and PET counts the photons produced by the isotopes (^11^C, ^18^F, ^64^Cu, ^68^Ga, et al.). However, most of these radioactive compounds are small molecules, which may undergo rapid renal excretion and possess non-specificity *in vivo*. To solve these problems, dendritic polymers can be utilized to deliver radioactive compounds along with anticancer drugs to form theranostic nanodevices [@B85],[@B86]. Gong and coworkers fabricated unimolecular micelles self-assembled from hyperbranched amphiphilic block copolymer for cancer-targeted drug delivery and PET imaging [@B87]. This polymeric nanoplatform consisted of hyperbranched core Boltorn H40 (a 4th generation hyperbranched polyester), hydrophobic segments poly(L-glutamate) conjugated with anticancer drug doxorubicin (DOX) via pH-labile hydrazone bond, and hydrophilic shell PEG with targeting ligand *cyclo(Arg-Gly-Asp-D-Phe-Cys)* peptides (cRGD) and PET probe ^64^Cu. The uniform-sized unimolecular theranostic micelles exhibited high cancer cell uptake ability as well as pH-sensitive drug release property. In tumor-bearing mice, these unimolecular micelles achieved high tumor accumulation confirmed by the PET imaging and *ex vivo* fluorescence imaging. In this theranostic system, non-invasive PET facilitated quantitative measurement of tumor-targeting efficiency and *in vivo* biodistribution, which would benefit for personalized therapy.

For its high sensitivity and spatial resolution, fluorescence imaging has been widely used in diagnostics and therapy [@B88]. There are various kinds of fluorescence probes, such as organic fluorescent dyes [@B51],[@B89],[@B90], inorganic fluorescent agents (quantum dots [@B91],[@B92], silicon NPs [@B93], carbon dots [@B94] and up-conversion NPs [@B95]). Nevertheless, the bioapplication of small molecular organic fluorescent probes has been hampered by some shortcomings, such as short blood circulation time, lack of specificity and poor membrane permeability. On the other hand, some inorganic probes possess concerns for biocompatibility and specificity. To overcome these problems, dendritic polymers have been utilized to be the delivery vehicles or surface-modified layer to improve the imaging performance of fluorescence probes. Considering the numerous cavities and terminal functional groups, dendritic polymers are also excellent candidates for the construction of theranostic systems combining chemotherapy with fluorescence imaging. Till now, a large number of researches focusing on this field have been reported [@B96]-[@B100]. As one example, Baker and coworkers developed PAMAM dendrimer-based multifunctional system combining fluorescence imaging and chemotherapy [@B101]. Besides, Radosz and coworkers fabricated a linear-dendritic polymer-based nano-drug delivery system, which achieved tunable shape and size corresponding to the dendritic structure of polymers [@B96]. Subsequently, the authors evaluated the biodistribution and tumor targeting effect of these nanostructures with different shape via fluorescence imaging.

Generally, fluorescence imaging faces severe challenges in clinical use: high background autofluorescence and limited depth penetration. Nevertheless, near-infrared (NIR) imaging probes could overcome these problems and have received great attention. NIR imaging possesses enhanced light penetration depth through living tissues because of reduced absorbance by tissue pigments and hemoglobin in the NIR region (700-900 nm) [@B102]. Hence, NIR imaging has high sensitivity and offers a unique advantage for bioimaging application. However, many NIR imaging probes still suffer from the low solubility and non-specificity. Dendritic polymers can be designed rationally to deliver NIR imaging probes along with targeting ligand or therapeutic drugs, paving the way for NIR-based theranostic systems. For example, Zhuo and coworkers fabricated a site and time dual-controlled chemotherapeutic system utilizing a linear-hyperbranched polymer. This dendritic polymer was composed of hyperbranched diol-enriched polycarbonate and linear PEG. This nanostructure self-assembled from the linear-hyperbranched polymer was stable in simulated physiological conditions, and could accumulate in tumor site as revealed by NIR imaging technique [@B103]. After cell internalization, this nanostructure underwent a pH-labile destruction in response to acidic microenvironment and simultaneously released the loaded drugs in cancer cells.

Fluorescent imaging can also give information about intracellular drug release kinetics. Calderón reported a fluorescence resonance energy transfer (FRET)-based theranostic macromolecular prodrug (TMP) [@B104]. TMP was constructed from dendritic polyglycerol (PG), in which DOX and indodicarbocyanine dye (IDCC) were conjugated via pH-sensitive hydrazone. The fluorescence of DOX was quenched due to the FRET effect between IDCC and DOX. When the hydrazone bond was cleaved at acidic pH in cancer cells, the fluorescence of DOX was recovered. The intracellular drug release could be monitored in real time for quantitative analysis. In addition, dendritic polymers can be employed as optical imaging agents for themselves to trace drug release process. For instance, Zhu and coworkers developed a versatile fluorescent polymer-based real-time monitoring system for intracellular drug release (Fig. [6](#F6){ref-type="fig"}) [@B15]. The *star*-conjugated copolymer was synthesized from hyperbranched conjugated polymer (HCP) core and linear PEG arms. The amphiphilic copolymer could further self-assemble into NPs in aqueous solution, which could encapsulate DOX, resulting in fluorescent quenching of copolymer and DOX. *In vitro* biological studies revealed that drug release in cancer cells could lead to fluorescent intensity activation of both *star*-conjugated copolymer and DOX. Hence, the fluorescent *star*-conjugated dendritic copolymer was hopeful to serve as delivery system, which could monitor the drug release process in real time to treat diseases.

Biotherapy
----------

In recent years, biotherapy has emerged as one of the most promising therapeutic methods. Compared with the abovementioned physically or chemically based therapies, biologically based therapy is more selective. Biotherapy utilize biological agents such as nucleic acids (DNA, RNA), proteins or peptides (eg. monoclonal antibodies, tumor antigens, cytokines), cells (eg. activated killer cells, immune T cells, mesenchymal stem cells etc.) and others to treat disease [@B105]. It can be a therapy of targeting the disease site or stimulating the body response such as immune response. Here, we present some remarkable advances in dendritic polymer-based theranostic systems for biotherapy, such as gene therapy, protein therapy and cell therapy, which are promoted by various methods of imaging modalities.

The principle of gene therapy is transferring genetic materials into specific cells to treat disease [@B106]. The therapeutic genes can regulate the amount of proteins, adjust existing gene expression, or generate cytotoxic proteins. To deliver the nucleic acids to target sites effectively and safely, various kinds of gene vectors have been developed, including viral and nonviral vector systems. Compared to viral vectors, synthetic nonviral vectors are safer and more flexible to be designed and manufactured, including cationic lipids, polymers, peptides, and so on [@B107]. These vector systems must overcome a series of obstacles *in vivo*: 1) The gene delivery system should be chemically and physically stable during blood circulation to protect nucleic acid from nuclease degradation and serum albumin adsorption. 2) Cell-specific targeting and efficient internalization are absolutely necessary for the delivery system to transfer genes into disease cells. 3) After internalized by endocytosis, endolysosomal escape and gene release from vectors play a key role in therapy. Considering these obstacles, synthetic nonviral vectors may suffer from insufficient gene-transfer efficiency. Nevertheless, cationic dendritic polymers, such as PAMAM and poly(propyleneimine) (PPI), can be afforded to complex nucleic acids through electrostatic interactions and be optimized by chemical modification to increase the transfection efficacy apparently [@B108],[@B109]. Moreover, dendritic polymers can also encapsulate imaging agents through complexation or conjugation to help visualize and evaluate the therapy process.

For instance, in order to navigate biological obstacles, Minko and coworkers caged the PPI dendrimers/siRNA complex with a dithiol-contained cross-linker molecules and PEG followed by targeting ligands modification and fluorescent label [@B110]. The strategy of layer-by-layer protection and targeting approach provided the vector system with enhanced stability in plasma and specific accumulation in tumor cells. Therefore, *in vivo* distribution and optical imaging results confirmed that the gene delivery system had high specificity to tumor tissues.

Apart from cancer, dendritic polymer-based gene delivery system can treat other diseases [@B111]. As one example, Jiang and coworkers prepared gene nanovehicles crossing the blood-brain barrier (BBB) to fight against cerebral ischemia reperfusion injury [@B112]. This theranostic platform was achieved by decorating dendrigraft poly-~L~-lysine (DGL) with dermorphin (a μ-opiate receptor agonist) through PEG. After loading anti-Ask1 shRNA plasmid DNA, these brain-targeted nanoparticles exhibited increased accumulation in brain according to the fluorescent images. This nano-delivery system revealed high transfection efficiency and excellent neuroprotection ability, which was useful for the treatment of cerebral ischemia reperfusion injury. Moreover, other imaging modalities, for instance, MRI [@B113]-[@B115] and SPECT [@B116] are also widely used in gene therapy-based theranostic systems, benefiting from their high penetration ability.

Over the past decades, due to their high specificity and activity, therapeutic proteins have tremendous impacts in the treatment of various disorders, such as cancer, autoimmune and metabolic disease [@B117]. However, the effective use of proteins is hampered by these limitations: 1) The sensitive and flexible proteins are easy to be degraded by enzyme in the body. 2) Proteins may undergo rapid clearance via kidney excretion or uptake by non-target organs during systemic circulation. 3) Protein therapeutics may result in immune response. To overcome these problems, dendritic polymers have been widely used in protein delivery systems to improve its stability and circulation time as well as decrease its immune response [@B118]. For example, Leroux and coworkers developed the strategy of polymer-enzyme conjugation to stabilize and retain the enzyme activity in gastrointestinal tract after oral administration (Fig. [7](#F7){ref-type="fig"}) [@B119].

They chose architecturally and functionally diverse polymers to protect model enzyme *Myxococcus xanthus* (MX), and use fluorescence imaging *in vivo* to monitor the enzyme activity in stomach after polymer protection. A fluorescence-quenched peptide probe was used as the enzymatic substrate and fluorescence recovery was quantified by *in vivo* imaging to assess the location and activity of MX proteolysis. Using this approach, they found that conjugation to a polycationic dendronized poly-(3,5-bis(3-aminopropoxy)benzyl)-methacrylate was a highly efficient method to sustain gastrointestinal activity.

The use of cell therapy has been further expanded in recent years [@B120],[@B121]. For example, mesenchymal stem cells (MSCs) are multipotent stem cells for the treatment of various diseases, such as liver cirrhosis [@B122], amyotrophic lateral sclerosis [@B123] and Parkinson\'s disease [@B124]. The therapeutic effect of stem cells can be evaluated by monitoring cell distribution, survival and function after transplantation. Several imaging modalities have been introduced into cell therapy system, such as optical imaging, MRI and nuclear imaging [@B125],[@B126]. For example, Hashida and coworkers chose optical imaging with QDs to label MSCs and monitor their *in vivo*distribution [@B127]. The QDs were modified with PAMAM dendrimer, which facilitated cellular internalization through electrostatic interaction. In addition, PAMAM dendrimer enhanced endosomal escape into cytoplasm, which could solve the dilemma of fluorescence quench in acidic endosomal environment. Hence, PAMAM facilitated cellular uptake and promoted endosomal escape, which was beneficial for tracking MSCs via QDs *in vivo*.

Phototherapy
------------

As a noninvasive clinical approach, phototherapy is emerging as one of the most promising therapeutic methods for the treatment of cancer [@B128] and dermatosis [@B129] for its high efficiency and low side effect. Phototherapy is based on photoactive agents illuminated with specific light to induce cell apoptosis or death. Meanwhile, the photoactive drug can also emit fluorescence under light excitation to endow the system with theranostic ability easily. According to the therapeutic mechanism, phototherapy can be classified into two major categories: photodynamic (PDT) [@B130] and photothermal (PTT) [@B131].

PDT utilizes nontoxic photosensitizer (eg. porphyrins), which can generate cytotoxic reactive oxygen species (ROS) after light activation to treat disease [@B130],[@B132]. Nevertheless, clinical application of PDT is mainly limited by the poor water solubility, aggregation tendency and non-selectivity of photosensitizers. To solve these problems, the dendritic polymers have been used to deliver hydrophobic photosensitizer to disease site. As one example, Taratula and coworkers designed a theranostic dendrimer platform loading phthalocyanines (Pc) to achieve fluorescence image-guided drug delivery and noninvasive cancer treatment of PDT [@B133]. They chose a 4th generation (G4) PPI dendrimer to physically encapsulate Pc molecules with a hydrophobic linker. In order to improve the tumor-targeting ability and biocompatibility, the Pc-PPIG4 complexes were modified with PEG and luteinizing hormone-releasing hormone (LHRH) peptide on the surface. This formulation exhibited low dark cytotoxicity as well as prominent PDT effect and fluorescence imaging ability. In addition, other imaging technologies, such as MRI, are also widely used for PDT-based theranostic system [@B134].

As another category of phototherapy, PTT is based on light absorbing agents (eg. gold nanomaterials) to transform the energy into heat generating localized hyperthermia [@B131],[@B135]. However, some of these photothermal agents suffer from biocompatibility concern. For instance, the clinical use of gold nanomaterials is hampered by the toxicity of surfactant cetyltrimethylammonium bromides (CTAB) on their surface to stabilize these nanomaterials. Therefore, Cui and coworkers applied biocompatible PAMAM dendrimer to replace CTAB on the surface of gold nanorods and introduced targeting ligand *(Arg-Gly-Asp-D-Phe-Cys)* peptides (RGD) into the system [@B136]. The results demonstrated that gold nanorods modified with RGD-conjugated dendrimer provided an excellent theranostic platform for tumor targeting, imaging and selective photothermal therapy.

Considering that PDT and PTT act via different mechanisms, their rational combination may overcome the drug resistance, improve the therapeutic efficiency, and decrease the dosage-limiting toxicity [@B137]. Taratula and coworkers integrated the two therapeutic methods into one theranostic nanoplatform using a single agent silicon naphthalocyanine (SiNc) (Fig. [8](#F8){ref-type="fig"}) [@B138]. They used a generation 5 (G5) PPI dendrimer to encapsulate SiNc to provide aqueous solubility and protect its NIR fluorescence, PDT and PTT properties. This method impressively increased the photostability of SiNc during the therapy procedure. By regulating the laser, they can switch the therapeutic modality and efficiently eradicate chemotherapy resistant ovarian cancer cells.

Radiotherapy
------------

Radiotherapy is one of the most commonly used nonsurgical therapeutic approach, which applies radiosensitizers (protons, neutrons, etc.) to kill cells at the disease site under ionizing radiation [@B139],[@B140]. The ultimate goal of radiotherapy is to induce greatest damage to the lesion as well as slightest injury of normal tissue. However, this goal is primarily limited by the difficulties in delivering radiosensitizers to the disease site efficiently and specifically [@B141]. Several solutions based on developing radiosensitizers have been proposed to find a way out of this dilemma: 1) Targeted delivery of therapeutic agents to the lesion by a biocompatible and reasonable platform. 2) Utilization of theranostic system to precisely define the targeting efficiency and supervise drug distribution. As an ideal delivery platform, dendritic polymers can play a critical role in the optimization of radiotherapy due to the fact that the targeting ligands and imaging agents can be easily introduced into the backbone or cavity of dendritic polymers [@B142]-[@B147].

For instance, Zhu and coworkers fabricated ^188^Re-labeled hyperbranched polysulfonamine (HPSA) aiming to develop a targeted cancer diagnosis and radioimmunotherapy system (Fig. [9](#F9){ref-type="fig"}) [@B148]. HPSA was modified with targeting ligands, monoclonal antibody CH12, which selectively recognized epidermal growth factor receptor vIII (EGFRvIII). In addition, HPSA was conjugated with *N*-hydroxysuccinimidyl *S*-acetylmercaptoacetyltriglycinate (NHS-MAG~3~) for labeling ^188^Re to perform SPECT imaging and radioimmunotherapy. This CH12-HPSA-^188^Re theranostic system could effectively and specially target EGFRvIII-positive human hepatocarcinoma cells and thus facilitate both tumor detection and targeted radioimmunotherapy.

For another example, Backer and coworkers developed boronated dendrimers, VEGF-BD/Cy5, which contained Cy5 and targeting ligands, for NIR imaging and potential boron neutron capture therapy (BNCT) [@B149]. A fifth-generation (G5) PAMAM dendrimer was utilized in this system to offer a large number of terminal functional groups for boron decoration. Besides, the dendrimers were conjugated with vascular endothelial growth factor to target tumor neovasculature. NIR imaging revealed selective accumulation of VEGF-BD/Cy5 in 4T1 mouse breast carcinoma, particularly at the tumor periphery where angiogenesis was most active. These results indicated that VEGF-BD/Cy5 was a promising theranostic platform for BNCT.

Combined therapy
----------------

Combined therapy, which uses different therapeutic approaches to treat disease, may produce additive or synergistic antitumor activity [@B150]. Considering the different physical and chemical characteristics of various therapeutic agents, dendritic polymers are ideal delivery vehicles to achieve an integrated platform because of their tailored property and plenty of functional end-groups. For instance, Ma and coworkers fabricated nanoparticles of PAMAM-grafted gadolinium-functionalized nanographene oxide (Gd-NGO) as effective carriers to deliver both chemotherapeutic drugs and highly specific gene-targeting agents such as microRNAs (miRNAs) to cancer cells [@B151]. PAMAM-modified Gd-NGO surface was positively charged and was capable of simultaneously adsorbing anticancer drug epirubicin (EPI) and complex with negatively charged Let-7g miRNA. Furthermore, this Gd-NGO/Let-7g/EPI theranostic system could act as contrast agent for MRI to monitor the location and extent of BBB opening and quantitate tumor drug uptake. These results indicated that Gd-NGO/Let-7g/EPI was promising to become a non-viral vector for chemogene combined therapy and molecular imaging diagnosis.

Moreover, dendritic polymers are suitable vehicles to build promising platforms for combined photothermal chemotherapy. For instance, Kono and coworkers fabricated pH-sensitive drug-dendrimer conjugate-hybridized gold nanorods, which could be utilized to treat cancer through synergistic photothermal therapy and chemotherapy [@B152]. PEG-attached PAMAM G4 dendrimers (PEG-PAMAM) were first linked to mercaptohexadecanoic acid-functionalized gold nanorods (AuNR). Afterwards, DOX was conjugated to the dendrimer layer through an acid-labile hydrazone linkage to afford PEG-DOX-PAMAM-AuNR particles. These particles exhibited high therapeutic efficacy both*in vitro* and*in vivo*, which could be attributed to the synergistic hyperthermia ablation and chemotherapy.

Besides, various combined therapy strategies have been raised, such as combinatorial phototherapy with dual PDT and PTT [@B153], combination of gene therapy and radiotherapy [@B154]. It is hopeful for dendritic polymers to be vehicles for various combined therapy and exhibit great potential in theranostics.

Conclusions and Perspective
===========================

In this review we summarized the current progress in the exploitation of dendritic polymer-based theranostic systems, including the synthetic strategies and structure design, biological properties and applications in the theranostic field. During the past decades, dendritic polymers have shown great potential to be ideal candidates for theranostics, and numerous researches on dendritic polymer-based theranostic systems have been reported [@B155]. Dendritic polymer-based theranostic systems can integrate various kinds of therapies and diagnoses effectively, such as chemotherapy, biotherapy, phototherapy, radiotherapy, and combined therapy, as well as MRI, CT, SPECT, PET, fluorescence imaging and NIR imaging[@B156],[@B157]. This dramatic progress is mainly attributed to the unique properties of dendritic polymers. Firstly, dendritic polymers possess three-dimensional branched structure with large quantities of cavities and terminal functional groups. Their physical and chemical structures are beneficial for encapsulating or conjugating therapeutic drugs and imaging agents. Besides, dendritic polymers can be endowed with favorable properties, such as biocompatibility, biodegradability, stimuli-responsive ability and self-assembly behaviors, to satisfy the requirement of theranostics. In addition, different categories of dendritic polymers possess their unique advantages. For instance, dendrimers are monodisperse and perfectly branched, which are compatible for reproducible manufacture to meet the batch-to-batch requirements for clinical applications. On the other hand, hyperbranched polymers have convenient synthetic procedure, such as one-pot fabrication, which benefits for large-scale production and industrial transformation. Hence, these attractive features contribute to the wide application of dendritic polymers in theranostics.

Up to now, great progress has been achieved for dendritic polymers in the theranostic application. However, this area still faces several key challenges and a number of discoveries still lie ahead. One of the major concerns is about the mass-production of dendritic polymers with scalability and reproducibility. For instance, dendrimers possess complicated synthetic procedures and low cost-effectiveness, which have hampered their large-scale production. On the other hand, hyperbranched polymers have ill-defined structure and lack reproducibility, which impede their practical applications. Hence, more efforts are needed urgently to achieve mass-production of dendritic polymers. Moreover, challenges still remain to be addressed for the application of dendritic polymers in theranostic systems. Firstly, how to balance the ratio of the diagnostic probes and therapeutic agents in dendritic polymers is still a great concern for individualized application. Secondly, it is necessary to investigate the *in vivo*behavior of dendritic polymers, such as biodistribution, bioavailability and controlled release of therapeutic agents. These issues would be solved through structural parameter design and performance optimization of dendritic polymers. Thirdly, a systematic *in vivo* study is highly desired to address the safety issues of dendritic polymers, such as potential toxicity, bioelimination and long-term effect. As reported previously, some dendritic polymers, particularly cationic dendritic polymers, may exhibit cytotoxicity, haemolytic toxicity and haematological toxicity [@B158]-[@B161]. These toxicities are strongly influenced by the nature of terminal groups and the cationic properties of dendritic polymers. For instance, cationic dendritic polymers interact nonspecifically with negative cell membranes, which may cause membrane disruption, leakage of cytosolic enzymes and even cell death. Hence, there is great need to reduce the inherent toxicities of cationic dendritic polymers. One of the efficient strategies is surface modification with functional groups to shield the cationic charge of dendritic polymers. Another rewarding strategy is developing biodegradable and biocompatible dendritic polymers, such as biomimetic polymers. These strategies are important to the exploration of non-toxic dendritic polymer-based theranostic systems.

As a final remark, the process of converting dendritic polymers into marketable products for theranostic application can be long and hard. But we firmly believe that the rapid development of this field will resolve the problem from large-scale production to clinical application.

The authors thank the National Basic Research Program (2015CB931801) and the National Natural Science Foundation of China (51473093).

![Schematic description of six subclasses of dendritic polymers.](thnov06p0930g001){#F1}

![Schematic structures of biodegradable or biocompatible dendritic polymers. (a) DNA dendrimer [@B21], (b) hyperbranched peptide [@B22], (c) hyperbranched glycopolymer [@B23], (d) hyperbranched polyphosphate [@B18], (e) hyperbranched polyamide [@B24], (f) dendritic polyglycerol [@B25].](thnov06p0930g002){#F2}

![Schematic illustration of various stimuli including internal different index and external stimuli.](thnov06p0930g003){#F3}

![Schematic illustration of various topological structures self-assembled from dendritic polymers with different size scales.](thnov06p0930g004){#F4}

![(A) Schematic illustration of polyprodrug unimolecular micelles with hyperbranched cores conjugated with gadolinium complex, reductive milieu-cleavable camptothecin prodrugs and hydrophilic coronas functionalized with guanidine residues. (B) *T*~1~-weighted spin-echo MR images of (a) small molecule alkynyl-DOTA(Gd) (DOTA, tetraazacyclododecanetetraacetic acid) complex and hyperbranched polyprodrug amphiphilies (HPA) after incubating with various concentrations of DL-dithothreito (DTT) for 12 h. (C) Water proton longitudinal relaxation rates (1/*T*~1~) of small molecule alkynyl-DOTA(Gd) complex and HPA after treating with DTT (0-20 mM). (D) MR images recorded for (a) untreated HepG2 cells, (b) HepG2 cells treated with HPA for 12 h, and (c) HepG2 cells pretreated with 10 mM GSH-OEt (GSH reduced ethyl ester) for 2 h to elevate intracellular GSH level, and then coincubated with HPA for 12 h. Reprinted with permission from ref. 77. Copyright 2015, American Chemical Society.](thnov06p0930g005){#F5}

![(A) Synthesis route of HCP-*N*-PEG (pH-responsive polymer, in which HCP and PEG were conjugated with acyldydrazone linkage) and HCP-*O*-PEG (non-responsive polymer, in which HCP and PEG were conjugated with ether linkage) *star*-conjugated copolymers. (B) Self-assembly of *star*-conjugated copolymer and their endocytosis in the tumor cells. (C, D) Time-dependent fluorescence microscope images of MCF-7 cells incubated with DOX-loaded HCP-*N*-PEG (C) and HCP-*O*-PEG (D) micelles. Reproduced with permission from ref. 15. Copyright 2014, American Chemical Society.](thnov06p0930g006){#F6}

![(A) Chemical structures of the four polymers examined: a cationic dendronized poly-(3,5-bis(3-aminopropoxy)benzyl)-methacrylate (PG1), cationic ɑ-poly(D-lysine) (PDL), neutral methoxy PEG (mPEG) and anionic poly(acrylic acid) (PAA). (B) The uncleaved peptide substrate was incubated *in vitro* with MX, MX-polymer conjugates or endogenous enzymes. All MX-polymer conjugates induced a significant increase in fluorescence intensity after peptide cleavage. (C) The activity of the individual MX-polymer conjugates was measured using an *in vivo*fluorescence assay. Reproduced with permission from ref. 119. Copyright 2013, Nature Publishing Group.](thnov06p0930g007){#F7}

![(A) Chemical structures of the parent silicon naphthalocyanine. (B) Schematic illustration of the fabrication of SiNc-loaded theranostic nanoplatform. Reproduced with permission from ref. 138. Copyright 2015, Royal Society of Chemistry.](thnov06p0930g008){#F8}

![(A) Synthetic route of CH12-HPSA-^188^Re. (B) The biodistribution of CH12-HPSA-^188^Re in nude mice was determined by SPECT. The gamma images were acquired at 1, 6, 24, 48 h after tail vein injection, respectively. (Black arrow: tumor area). Reproduced from ref. 148.](thnov06p0930g009){#F9}

###### 

The hydrodynamic diameter of PAMAM dendrimers from core to generation G = 7 [@B7],[@B8].

  Generation   Molecular formula                   Hydrodynamic diameter (nm)
  ------------ ----------------------------------- ----------------------------
  0            C~24~H~52~N~10~O~4~S~2~             1.5
  1            C~64~H~132~N~26~O~12~S~2~           2.2
  2            C~144~H~292~N~58~O~28~S~2~          2.9
  3            C~304~H~612~N~122~O~60~S~2~         3.6
  4            C~624~H~1252~N~250~O~124~S~2~       4.5
  5            C~1264~H~2532~N~506~O~252~S~2~      5.4
  6            C~2544~H~5092~N~1018~O~508~S~2~     6.7
  7            C~5104~H~10212~N~2042~O~1020~S~2~   8.1

###### 

Examples of stimuli-responsive dendritic polymers

                        Stimuli                  Responsive moiety   Reference
  --------------------- ------------------------ ------------------- --------------
  Internal stimuli      pH                       Acylhydrazone       \[26\]
  Phenylboronate        \[28\]                                       
  Hydrazide             \[29\]                                       
  Acetal                \[30\]                                       
                        Reduction                Disulfide           \[20,31\]
  Diselenide            \[32\]                                       
                        Oxidation                Selenide            \[33,34\]
                        Enzyme                   Enzyme substrate    \[27,33,35\]
  External stimuli      Light                    Spiropyran          \[33,36\]
  Azobenzene            \[37, 38\]                                   
  Aminomethylpyrene     \[39\]                                       
                        Temperature              PDMAEMA,            \[40\]
  PEGMEMA-PPGMA-EGDMA   \[41\]                                       
  PNIPAM                \[42\]                                       
  Collagen              \[43\]                                       
  Magnetic field        Magnetic nanoparticles   \[44\]              
  Multi-stimuli         Combination              Combination         \[14,45-47\]

Note: Poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA). A copolymer composed of poly(ethylene glycol) methyl ether methylacrylate (PEGMEMA) copolymerized, poly(propylene glycol) methacrylate (PPGMA) and ethylene glycol dimethacrylate (EGDMA), (PEGMEMA-PPGMA-EGDMA).
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